Abstract. This review provides a summary of knowledge on two-way fish migration of salmonids and eels past hydroelectric plants in Europe. On the basis of a summary of international literature, general designs and recommendations for best practices for fish-pass facilities are provided. The review is part of the Norwegian SafePass project, which focuses on Atlantic salmon, brown trout, grayling and European eel. According to recent international recommendations, many existing European fishways for upstream migration do not have an optimal design. This is especially evident for denil and pool-and-weir fishways in inland areas with species such as grayling and brown trout. Based on the review, we generally recommend (1) using ramps, nature-like channels and vertical-slot fishways for these species and (2) reducing water drop between the pools in pool-and-weir fishways and reducing energy dissipation compared with the design of traditional Atlantic salmon ladders. There are few well-functioning passages for downstream migration of fish in Europe and significant progress has been made in the past decade to improve technology and knowledge. Several international studies have shown that physical structures, such as fine-mesh trash racks with alternative escape routes and bypass arrangements, provide .90% passage efficiency for downstream migration, especially for brown trout and salmon, and have, in recent years, shown good results also for silver eels.
Introduction and objectives
Many fish species migrate in rivers to utilise different habitats at different life stages for spawning, growth and wintering. The migration of Atlantic salmon (Salmo salar) from its spawning grounds and rearing habitats in rivers to the feeding grounds in the ocean (anadromous behaviour) is well known. For many species, migrations occur within the same river, which is the case for inland brown trout (Salmo trutta) and grayling (Thymallus thymallus). The European eel (Anguilla anguilla) displays a catadromous behaviour, with its spawning area being located in the Sargasso Sea, whereas it feeds along the coasts and in rivers and lakes in Europe.
Delay and blocking of fish migration as a consequence of hydropower structures leads to fragmentation of habitats and fish populations and may limit dispersal of fishes. This may eventually lead to a significant reduction and, in some cases, extirpation of fish populations and species. Passability for fish in rivers is an important prerequisite for maintaining the fish population and for achieving good ecological status or potential according to the EU Water Framework Directive (WFD). Restoration of ecological connectivity (river segments without migration barriers between important habitats) has a high priority in water management, in accordance with the WFD and national water regulations.
As part of this review, relevant literature has been reviewed from both Norway and elsewhere in Europe and the USA, particularly from Sweden, Germany, Austria, UK, the Netherlands, Denmark and France. Scientific papers, books, reports and guidelines in different languages have been collected from research partners in the SafePass project and other sources, so as to define best practices (Clay 1995 , Jungwirth et al. 1998 Fjeldstad 2012; Williams et al. 2012; Emanuelsson et al. 2017; Greenberg et al. 2017; Nyqvist et al. 2017; Økland et al. 2017; Silva et al. 2018) . We have included knowledge from 'grey literature', because there is a lot of technical experience and solutions developed in different countries, which have not been published in peer-reviewed international journals (Katopodis 1992 Gough et al. 2012; Calles et al. 2013a ; International Commission for the Protection of the Danube River 2013; Seifert 2016; Brink et al. 2018; Pulg et al. 2018) .
Several European countries have introduced general requirements and guidelines for best practice for fish-pass solutions, which, in this context, correspond to 'best practice' (e.g. Austria, Bundesministerium für Land-und Forstwirtschaft, Umwelt und Wasserwirtschaft 2012). Gough et al. (2012) and Brink et al. (2018) discussed such guidelines on a global scale. In best practices, the goal is that all migrating fish should be able to pass with a minimum of delay. However, the use of 100% of the fish as a target for passage efficiency may not be reasonable because there is also natural mortality during migration, surveillance mortality and because some fish may have reached their migration target when they reach the barrier. Internationally, therefore, it has become customary to use 'at least 90%' as a metric for passage efficiency (Calles et al. 2013a; Nyqvist et al. 2017; Silva et al. 2018) . The solutions recommended as best practices in the present review have in common that they can achieve 90% fish-pass efficiency, provided that the necessary design criteria, dimensioning and proper locations are met. However, in each situation, target passage efficiency should be defined, and may deviate from 90% on the basis of conditions and factors, such as initial connectivity before the barrier was installed, habitat distribution in the river system, other barriers on the river and the accumulated mortality, or whether it is sufficient to make a passage for parts of the population (e.g. spawning fish). In practice, no global standard for fishways exists or is in use. Hence, the function or efficiency of a fishway, upstream and downstream, needs to be verified through monitoring measures .
To what extent best practice is required for a given hydroelectric structure is typically a management decision based on cost-benefit assessments. We do not emphasise costs in this review, because they depend strongly on the types of barriers and local conditions. However, although retrofitting migration solutions in old installations is often particularly costly, we advocate the use of best-practice solutions in case of new hydropower installations.
Fragmentation of rivers as a result of hydropower regulation is a main reason for the decline and reduced distribution of freshwater fishes (Hart and Poff 2002; Fahrig 2003; Nilsson et al. 2005; Poulet 2007 ). Construction of dams can lead to reduced water flow on fish-migration reaches and lack of migration possibilities for fish past the structures (Kraabøl et al. 2008; Calles and Greenberg 2009; Haltunen 2011) . In recent years, there has been a strong focus on achieving sustainable fish population by restoring the connectivity of the rivers and, in particular, with the aim to reduce damage and mortality as a consequence of turbine passage (Coutant and Whitney 2000; Č ada 2001; Č ada et al. 2006; Ö stergren and Rivinoja 2008 ; Electric Power Research Institute-US Department of Energy 2011; Katopodis and Williams 2012; Pedersen et al. 2012) . International studies have shown that the function of many of fishways of today is not satisfactory (Noonan et al. 2012; Fjeldstad et al. 2013) , with the typical target for passage efficiency at over 90% for migratory fish not being reached (Lucas and Baras 2001; Ferguson and Williams 2002; Quigley and Harper 2006; Noonan et al. 2012) . Low efficiencies at fishpassage facilities are linked to both technical design and fish behaviour in relation to stimuli and environmental variables (Clay 1995; Arnekleiv et al. 2007; Roscoe and Hinch 2010) . Furthermore, many of the fish-passage solutions that are regarded as well functioning often work poorly for smaller fish or fish with low swimming capacity (Food and Agriculture Organisation of the United Nations 2002; Jansen et al. 2007; Mallen-Cooper and Brand 2007; Kraabøl 2012; Williams et al. 2012) . For downstream fish migration, efficient passage past hydroelectric turbines can be achieved both with behavioural measures and by physical blocking, but behavioural measures are often species specific . Effective blocking structures Calles et al. 2012; Greenberg et al. 2017) in the form of fine-mesh trash racks are often technically challenging to construct and operate and imply head losses (Chatellier et al. 2011; Raynal et al. 2014; Tsikata et al. 2014; Szabo-Meszaros et al. 2018) . This applies especially when the trash racks and downstream migration corridors are retrofitted to established hydropower plants and intakes. However, successful retrofitting of projects has been reported, particularly for smaller plants (Økland et al. 2017) . These experiences have led to the recognition that effective migration in fish, and especially in the presence of multiple migratory species, should be based on a combination of behavioural and physical barriers Liao 2007; Thorstad 2010; Allen et al. 2012; Noatch and Suski 2012) .
Migration patterns depend on both biological factors and abiotic habitat conditions. Biologically motivated movements and migration, such as spawning or feeding migrations, define the period during which the fish migrate and the migration target habitat. Hydromorphological (e.g. water velocities, turbulence) conditions determine whether the fish can pass a river reach, and both river flow and temperature are trigger variables that can influence when fish migrate. Re-establishment of connectivity, therefore, requires knowledge on fish species communities, habitat distribution, water-discharge patterns and temperature regime in a river system (Gough et al. 2012; Seifert 2016) .
Below, we first present important design criteria and 'bestpractice' solutions for upstream migration. Then, we address similar topics for downstream migration.
Upstream fish migration and European passage facilities
In most European rivers and streams, there are artificial migratory obstacles and barriers, such as culverts, weirs, dams and power stations. In Norway alone, more than 500 fishways have been constructed (Fjeldstad et al. 2013) , increasing the production reaches for Atlantic salmon by more than 2000 km of river habitat. Although numerous fishways have been constructed in Europe, no general guideline has been developed for how to design fishways past hydropower structures. However, existing examples have demonstrated that with adequate design of fishway entrances and exits as well as favourable hydraulic conditions in the passage, the efficiency of fishways can be within the 90% target (Dumont et al. 2005 ; Bundesministerium für Land-und Forstwirtschaft, Umwelt und Wasserwirtschaft 2012; Calles et al. 2013a; Nyqvist et al. 2017) .
The following sections present solutions that are considered as best practice for migration of eel, grayling, brown trout and Atlantic salmon in Europe with regards to upstream migration past hydropower plants, on the basis of current knowledge. We begin with a summary of current knowledge on general upstream fishway characteristics such as entrance, attraction flow, water-discharge solutions and bed substrates in fish passages, followed by the concept for assessing the suitability and prioritisation of different fish-passage solutions.
Fish-passage entrance and water flow Upstream-migrating salmonids generally seek the most powerful water flow and, at hydroelectric dams, water velocities are often higher in the turbine tailrace than at fishway entrances (Linløkken 1993; Laine et al. 1998; Williams 1998; Thorstad et al. 2003 Thorstad et al. , 2008 Rivinoja 2005) . The entrance to a fish ladder, a nature-like bypass or a ramp can be crucial for the function of the fishway and should be placed in the area where the fish stop at the migration barrier, and, generally, by the foot of a waterfall or the outlet of a hydropower plant. The entrance should not, under any circumstances, be placed too far downstream from the migration barrier, so that the entrance is not detected where the fish gather (Grande 2010; Fjeldstad et al. 2013) . If the water supply from the entrance of the fishway (attraction flow) is small compared with the water flow in the river, it is an advantage to guide the attraction flow towards the main stream of the river, whereas in the case of a large attraction discharge, the attraction flow should be more parallel to the main flow (National Oceanic and Atmospheric Administration 2012).
According to the International Commission for the Protection of the Danube River (2013), to attract fish (salmonids, percids and cyprinids of the Danube system) into a fishway, water flow in the fishway relative to river flow should follow the discharge values in Table 1 .
The values in Table 1 correspond with recommendations from, among others, , which generally recommended that the attraction flow should represent 2-5% of the river flow. Other studies have indicated that even more water is required to attract fish to the fishway entrance. Arnekleiv and Kraabol (1996) found that brown trout stopped their migration when the attraction flow was less than 9% of the turbine discharge. In the fish ladder at Marieberg in the Swedish Mørrumsån, the discharge is ,1 m 3 s À1 ; however, when river discharge exceeded 20 m 3 s
À1
, the fishway did not attract Atlantic salmon and brown trout effectively. The discharge in the fishway then represented 3.5-5% of the total flow. The recommendations and studies above have shown that water flow in European fishways is, in many cases, too small, being often ,0.5 m 3 s À1 (Fjeldstad et al. 2013 ; Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014). This can be remedied by releasing an increased amount of water through separate pipes next to the existing fishway, thus providing additional attraction water near the fishway entrance. At dams in large rivers (Q Mean . ,100 m 3 s
), many studies have shown that site-specific studies are necessary to find a satisfactory amount of attraction flow from fishway entrances. Clay (1995) and Grande (2010) suggested that large dams may require multiple entrances to the fishway or several fishways, such as one fishway on either side of the river. The International Commission for the Protection of the Danube River (2013) stated that rivers wider than 100 m should at least be provided with two fishways, but, for Atlantic salmon, it has been shown that a single fishway may work well (Fjeldstad et al. 2013) . Typical situations where multiple entrances or fishways are required include the following: (1) when downstream water level at the migration barrier varies greatly with river discharge, where the fish move along the banks and have difficulties crossing the main course of the river by high water flow; (2) when the river is so wide that fish does not detect the attraction flow from a fishway on one side of the river (Washington Department of Fish and Wildlife 2000); and (3) when the fish species in question move at different depths, such as, for example, eels and salmonids (Rosten et al. 2013) . Ferguson et al. (2005) suggested that adult Atlantic salmon (Pacific), once at a dam, will search across the river for passage routes and that entrance preferences were for deep and wide openings with a significant attraction flow. Similar behaviour and recommendations have been observed for salmonids (Calles et al. 2013a; Fjeldstad et al. 2013) . The water velocity, which is also a function of discharge, was considered to be essential. Pavlov (1989) determined through field studies on a large number of fish species that attraction flow velocity should be ,60-80% of the individual's maximum swimming speed. The Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall (2014) indicated that, at the entrance of the fishway (not inside the actual fishway), the water speed should be at least 1 m s À1 , and even higher for salmonids such as grayling, brown trout and Atlantic salmon. Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall (2014) recommended, generally, a gradual transition between the river bottom and the bottom of the fishway entrance, and that it should be a natural type of roughness on the bottom of this transition (Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014).
Hydropower-plant outlets (also applies to outlets directly to a lake) should be provided with a physical barrier in the form of a bar rack, with a gap opening adapted to the smallest fish assumed to be present on its upstream migration. Many examples of powerplant outlets where bar racks have been omitted have shown that the fish migrate into the tailrace tunnel and remain there (Thorstad et al. 2003) . By blocking the fish from swimming into the outlet channel, the migration delay is reduced and, in addition, the fish are prevented from moving into potentially hazardous areas that can cause physical damage or where they can be exposed to gas saturation and barotrauma. Furthermore, to efficiently guide fish past the power-plant outlet, an attractive migration option must be established in the form of an attraction flow with sufficient water velocity, and discharge as close as possible to the outlet, or in the area where fish are stopping as described above. If fish cannot be guided with attraction flow, it may be appropriate to establish a physical guide wall or fence. This has been used with some success downstream of hydropower plants in Denmark (Koed et al. 1996) and in the United Kingdom (Gowans et al. 1999) . A disadvantage of such constructions is that they can be filled up with debris or destroyed by flood and ice.
Water intake (fishway exit) for fish passages A suitable discharge in the fishway is determined by the upstream water level or some sort of technical flow-regulation device. Ramps, cell-shaped weirs and partly nature-like bypasses are flexible with regards to variation in river discharge and nature-like bypasses can withstand water-flow variation to a certain extent. However, it is acknowledged, as a general issue, that the water flow in fishways can be either too small or too large, particularly for pool and weir ladders, which basically need a certain water level for optimal functionality. If the water level upstream of a dam varies widely, one should generally prefer vertical-slot fishways rather than pool-type ladders with surface notches, because the vertical slots between the pools will regulate water flow in relation to the upstream water level, while the slope between the pools remains constant (Katopodis 1992) . The discharge in the fishway not only affects the migration within the fishway but also the attraction flow at the fishway entrance. It is generally recommended to establish some sort of a sluice or gate in the upper end of the fishway to control the water intake. With this, the water flow can be optimised in relation to the size of the fishway and the water flow can be completely closed to perform maintenance or inspection of, for example, the fishway or fish counter. However, the gate must not be a barrier itself, which sometimes is the case. Dimensions, position and regulation must, therefore, be adapted to the fishway type and it is recommended to regulate the intake from the side, rather than performing a horizontal adjustment .
The exit of the fishway should be located far enough from the hydropower-plant intake or the migration barrier, so that fish do not fall back over spill gates or get sucked into the intake (Seifert 2016) . This is a site-specific metric that depends on local hydromorphological conditions. In general, water velocities in the river next to the fishway exit should be lower than those inside the fishway, so that fish can easily continue their upstream migration. Water velocities below 0.5 m s À1 are referred to as safe (Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014). As for the fishway entrance, there should be a gradual transition between the river bottom and the bottom of the fishway exit. (Dumont et al. 2005 ; Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014; Seifert 2016).
Slope, height and energy dissipation in upstream fish passages Ramps and nature-like bypasses are generally designed to mimic natural watercourses (Calles et al. 2013b ). The design is based on natural morphological models . Drop height (DH) between the pools depends on the type of watercourse and the migrating fish species. It is recommended to follow the overview given in Table 2 . That is, the DH should be between 10 and 20 cm for silver eel, grayling and inland brown trout, and between 20 and 50 cm for Atlantic salmon and anadromous brown trout. The gradient should be at most 0.1 (salmon) and 0.08-0.05 for trout and grayling. A coarse bottom substrate generally gives adequate opportunities for migration because a network of corridors of different scale occurs.
It should be noted that, (1) according to the Bundesministerium für Land-und Forstwirtschaft, Umwelt und Wasserwirtschaft (2012) , no further documentation is required on the function of the passage if the fish passage is constructed according to the guidelines. If the guidelines are not met, the function should be tested by additional monitoring and if necessary the fishway needs to be adjusted.
It should also be noted that (2) the recommendations for the maximum height between the pools have been significantly reduced over the past 20 years, on the basis of experience with many hundred fish passages in Austria, Switzerland and Germany. Although a DH of 30-50 cm was recommended by the Deutcher Verband für Wasserwirtschaft und Kulturbau (1996) guidelines and the Food and Agriculture Organisation of the United Nations (2002) guidelines, the recommendations in the latest guidelines are between 13 and 20 cm for brown trout, eel and grayling, and up to 30 cm for trout and Atlantic salmon (Dumont et al. 2005 ; Bundesministerium für Land-und Forstwirtschaft, Umwelt und Wasserwirtschaft 2012; Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014; Seifert 2016).
Pool and weir ladders and other concrete pool structures (socalled technical fishways) have been shown, in many cases, and with a proper design, to be effective for adult Atlantic salmon and anadromous brown trout. Besides the fact that fish can migrate in such ladders, they have the advantage that they do not require as much space as do nature-like bypasses and can flexibly be adapted to the terrain. However, on the basis of this review, many European fishways do not have an optimal design, particularly for smaller fish and fish species with a low swimming capacity (Fjeldstad et al. 2013 ; Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014; Seifert 2016). This is especially evident for the drop between the pools (DH). Adult Atlantic salmon in Norway has been shown to pass in traditional pool-and-weir ladders with a drop of 0.5-1 m between the crests (Fjeldstad et al. 2013) ; however, monitoring data have indicated that this may be too high for efficient passage (Grande 2010 ), especially at low water temperatures, which reduce the metabolism and, consequently, the ability of the fish to swim. This can explain why fishways can cause delays under the fish migration. Calles et al. (2013a) recommended that the vertical water drop between the pools should not exceed 30 cm for Atlantic salmon and this has been supported especially by Degerman (2008) , Dumont et al. (2005) and Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall (2014). However, the broad Norwegian experience with Atlantic salmon fishways has suggested that the drop could be increased to 50 cm (Fjeldstad et al. 2013 Pulg et al. 2018 ) for pool-and-weir ladders, whereas it should not exceed 30 cm in vertical-slot ladders. Nevertheless, it is expected that the fishways would work better if the water drop between the pools were reduced, with a longer period of good efficiency throughout the season, and less delay. For inland brown trout, and not the least for grayling, the water drop between the pools should be halved and, for grayling, there must be slots between the pools because grayling does not jump during their migration. In vertical-slot ladders for grayling, a coarse bottom substrate should also be established, which would ensure low water velocities along the bottom. Limited drop between the pools is also required for the grayling to be able to migrate at low water temperatures during its spring migration period.
Pool size in fishways is determined by the drop between the pools, the water discharge and the fish species and size. For Atlantic salmon and large trout, the energy dissipation in the pools should not exceed 200-250 W m À3 (see Table 2 ), and, for smaller inland trout and grayling, it should not exceed 150-200 W m
À3
. For vertical-slot ladders, the slot width should be at least three times the width of the largest fish to pass through the fishway. Similarly, the pool length in such ladders should be at least 10 times the width of the slot or three times the length of the longest fish (Katopodis 1992 ; Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014) and the pool width at least eight times the slot width. Fishway slope is given by the pool size and the drop between the pools, and typical slopes in many European fishways are 7-10%.
Adult and large juvenile eels can swim upstream vertical-slot fishways as long as the bottom substrate is consistently rough. In pool-and-weir fishways, these eel stages can migrate upstream if there are bottom openings in the weirs. These should have a brush structure at least on one side, so that even the juvenile eels can 'crawl' through. However, the youngest stages (,8 cm, glass eels) and small juvenile eels require a different type of passage, because their behaviour is different from that of older eels. Glass eels (also called elvers) migrate near the surface and Pulg et al. 2018) . In the River Laerdalselva, it was documented that the migration of Atlantic salmon was not delayed in a 200-m-long tunnel in full darkness (Romundstad 1991) and Fjeldstad et al. (2013) showed that migration in completely dark tunnels can work well at some sites, whereas, elsewhere, it is necessary to have artificial light. Migratory fish will not expose themselves unnecessarily, but, at the same time, they prefer to have a good view. Lindmark and Gustavsson (2008) found that more trout passed through a fish channel when it was painted dark. Turnpenny et al. (1998) showed that salmonids evaded a nature-like fishway without daylight. Several international guidelines (e.g. from the USA and Australia) recommend lighting for a variety of species, including salmonids. This also includes the entrance and exit of passages, to avoid steep transitions in light intensity. It is generally recommended that fishways should have daylight (during daytime) and no sudden changes in lighting conditions (International Commission for the Protection of the Danube River 2013).
The following is recommended for European conditions : (1) sharp light changes compared with the river should be avoided; shadow and indirect light is preferred at entrances and inside fish passages; (2) in the case of simple hydraulic passages, such as natural river bed in culverts and low gradients (,0.05, E ,150-300 W m À3 ), no artificial light is usually required; and (3) for steep passages with complex hydraulics, moderate lighting is recommended during the day (artificial, gradient .0.05-0.1; E .150-300 W m
).
Other types of upstream fish passage Denil fishways consist of special deflectors that produce spiralshaped countercurrent, high-energy dissipation and reduced water velocities in the main stream of the fish pass. Studies have shown that denil passages are unsuitable for most species of fish and young fish, including all carp fish, eel, white fish and grayling (Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014). Denil passages have not been shown to work in practice. Armstrong et al. (2010) stated that specifically designed denil passages with a low gradient may work for several species, but they require certain hydraulic conditions and are, therefore, not suitable at varying water levels (Armstrong et al. 2010) . Denil fish passages can be used in special situations and can be suitable for adult Atlantic salmon and brown trout at limited space and in steep terrain.
Sluices and lifts have been used especially at large height differences and in limited available space (Croze et al. 2008) . The solutions are often selective because one and the same capture device rarely works for all species and age groups. Moreover, the installation itself can have a deterrent effect on some fish. In England, Germany and France, the functional capacity of such facilities has been rated as low, because only a small part of the fish found their way up (Armstrong et al. 2010) .
Tank and truck of migrating fishes has been used in the case of large migration barriers, and especially where there are a series of barriers after each other. Tank and truck systems are basically selective, labour consuming and require repetitions in the long term, but can still contribute to occurrence or fish production of a species when other solutions are not realisable.
The authors advocate that the solutions mentioned above as 'other types' should not be chosen as a primary solution for efficient upstream fish passage. If connectivity is to be restored, it should initially be considered whether the migration barrier can be removed. This is the best long-term solution if the goal is to recreate connectivity. This study focused on regulated rivers where dams will basically be maintained; however, also in regulated rivers there are possibilities for removing obstacles. Particularly on residual flow reaches or in spill channels, weirs or smaller dams have successfully been removed (Fjeldstad et al. 2012a) . If barrier removal is not possible, fish passages can make the barrier passable for fish. The best solutions reach across the entire river transect and include the whole river discharge at site, which, again, makes it suitable both for up-and downstream migration. Examples of such solutions are ramps and cell-shaped weirs. Fish will find the migration corridor quickly and can use it in both directions. If such solutions are nature-like, re-establish full connectivity, and if they do not require maintenance, these are considered as full restoration of connectivity . If the situation allows only parts of the water flow to be used in the fish pass, or the total drop is too large for ramps and weirs, different types of bypass fishways are used instead. These are different construction types that are chosen for the specific purposes and local topographic conditions. The entrance must be located where the fish naturally search for a migration corridor. Therefore, multiple entrances should be considered at large rivers and when species diversity is high. The bypass must have a sufficiently good hydraulic design, as well as regular maintenance. Technical fishways and nature-like bypasses are artificial facilities and require regular maintenance and some form of operation and are, therefore, not considered as complete restoration measures.
A concept for prioritisation of fishway types
On the basis of the above (Bundesministerium für Land-und Forstwirtschaft, Umwelt und Wasserwirtschaft 2012; Calles et al. 2013a; Seifert 2016; Pulg et al. 2018 ), a conceptual priority list for solutions to ensure efficient upstream migration is proposed (Table 3) .
Downstream migration and migration facilities
The focus on downstream migration is a result of the increased awareness and knowledge that entrainment in Kaplan, Pelton and Francis turbines often involves high fish mortality Calles and Greenberg 2009; Kroglund et al. 2011; Calles et al. 2012; Fjeldstad et al. 2012b) . Safe downstream migration past hydropower structures and intakes is complicated because the fish tend to follow the bulk water flow, which often enters diverting tunnels and turbine intakes. At the same time, downstream migration is essential for fish to complete all stages of its life cycle, and effective downstream migration passages should be provided if fish can pass upstream a hydropower barrier (Č ada et al. 2006) .
The risk of injury and mortality from blade strike is particularly great for adult fish (Montén 1985; Č ada 1990) because the likelihood for blade strike increases with an increasing fish length and, hence, turbine injuries and mortality depend on both the size of the fish and the turbine specifications, such as number of blades and pressure drop. The highest survival rate has been observed for small fish in large low-pressure Kaplan turbines in North America, with direct blade-strike mortality being in the range of 2-20% (Hogan et al. 2014) . This corresponds with the results of studies in Norway and Sweden where the probability of blade strike has been both modelled and studied in the field (see e.g. Montén 1985; Ferguson et al. 2005) . Blade-strike probability increases linearly with the fish length and can reach 100% for large fish. Fish-friendly turbines have been designed, which generally imply a larger turbine size and runner-gap minimisation (see https://voith.com/corp-en/VH_Product_ Brochure_Environmentally-friendly-turbine-design_14_vvk_ t3360e_en.pdf, accessed 28 October 2018), and, thus, lower water velocities through the runners (Hogan et al. 2014) . Mortality increases with the power plant's total head and is larger in small turbines. In addition, there may be delayed mortality, mainly owing to cavitation, turbulence, pressure drop (barotrauma) and shear stress and scratches (Brown et al. 2014) . Although there is ongoing innovation and research on 'fish-friendly turbines, we advocate that, in general, fish should not enter turbines, considering both the immediate risk of injuries and mortality (particularly for large fish), and the delayed effects for surviving fish after passage (Deng et al. 2011; Skalski et al. 2002; Brown et al. 2014) .
Fish migration delay at power-plant reservoirs and forebays is problematic because a swift and synchronised migration is often essential for the fish to complete the most favourable migration. Such delay can cause increased predation, energy loss and, at worst, fish may choose not to migrate, which in turn results in ecological effects (Č ada 1997; Acou et al. 2008) .
The challenge of safe downstream migration is global, and several authorities have developed manuals and guidelines to prevent migration into intakes and, in some cases, also to ensure migration for fish past water intakes and dams (see e.g. Calles Germany) . Although traditional trash racks or Eicher screens themselves are not effective as complete fish barriers, downstream migration past the barrier can be significantly increased if a fishadapted bypass is designed close to the intake (Arnekleiv et al. 2007) . Other solutions that also have been shown to increase downstream fish survival past hydropower plants are guiding screens, such as louvres, wire screens and partial-depth finescreen fish collectors, combined with transport and spill of water (Fjeldstad et al. 2012b) .
Until recently, many of these solutions were regarded as premature, costly and with uncertain passage efficiency ( 90%). This is especially true for fine screens Emanuelsson et al. 2017; Nyqvist et al. 2017 ) and has found the way into recent national guidelines (Calles et al. 2013a; Pulg et al. 2018) . Although retrofitting of existing hydropower plants may be challenging, case studies have shown that it has been realised Økland et al. 2017) .
The knowledge on downstream migration and the challenges related to passage of hydropower facilities vary among fish species. Studies on eels are increasing, but the general situation for downstream migratory eels in Europe is largely unknown. On the basis of several field experiments, significant mortality in a major part of hydroelectric turbines in Europe must be assumed (Thorstad 2010; Kroglund et al. 2011; Thorstad et al. 2011) . For resident brown trout, the situation is similar, with knowledge being poor on both the extent of the problem and solutions, and for European grayling, the knowledge is particularly limiting.
For Atlantic salmon, extensive research has shown that both smolts and kelts migrate through turbines and, although we often do not know the exact consequences, mortality rates probably follow the pattern demonstrated in several international surveys (Montén 1985; Deng et al. 2011; Brown et al. 2014) . Promising experiments on fine-mesh trash racks have been conducted and are currently under way in Sweden and Denmark (Calles et al. 2012; Greenberg et al. 2017; Nyqvist et al. 2017) . Coanda intakes, although not initially used as fish barriers, are increasingly being applied to smaller intakes with the presence of inland trout and grayling. However, for most migrating fish, especially for anadromous fish and eel, it is not sufficient to block the migration in front of the intake. Alternative migration corridors or bypasses must be established for the fish to complete the migration past the barrier (escape openings and bypasses). A range of technical solutions has been studied Calles et al. 2013a) , and, at many installations, they have been proven to be efficient Økland et al. 2017) . However, solutions are largely site-specific (Kroglund et al. 2011) and it may be particularly challenging to achieve high efficiency if the escape-route entrance is located too far from the water intake or barrier .
Although knowledge on salmonid smolt and eel downstream migration facilities has increased in recent years, little is known about downstream migration facilities for grayling. Because of lack of experience, it is generally assumed that grayling behaves similarly to trout or Atlantic salmon smolts, because they belong to the same family and overlap partly in size . However, there may be significant differences because of differences in habitat use over life, timing of migration and body size (Linløkken 1993) . Grayling fry is known to drift downstream after swim-up (Linløkken 1993; Jungwirth et al. 1998) and little is known about how these early life stages are influenced by dams, hydroplants or downstream passage facilities. Owing to their small size (15-30 mm), they are likely to pass even through 10-mm-fine screens, but it remains unexplored to what extent they tolerate turbine passage and spill over dams.
In some studies, repulsion measures using light and sound have shown some effect Welton et al. 2002; Johnson et al. 2005; Fjeldstad et al. 2012b) , whereas in other experiments, no effect has been observed Ploskey et al. 1998; Welton et al. 2002) . This may be related to the general behaviour of different fish species, as well as the local conditions and the time of day when the fish migrate. In the River Mandalselva in Norway, strobe lights gave a repulsing effect on migratory Atlantic salmon smolt at night, but not during daytime (Fjeldstad et al. 2012b) . Repulsion measures (electric fields, light, sound, air bubbles) in front of hydropower intakes may, thus, have some effect, but are recommended only in combination with other measures, or if trash racks or other physical barriers are not feasible. Combined solutions with repulsion and attraction measures (such as extra spill of water) have been shown to be rather successful in guiding fish towards a bypass route (Økland et al. 2013) .
Both traditional trash racks and the inclined passive-pressure Eicher screen are known to guide fish into bypass systems, but the total fish-guidance efficiency differs from site to site (Winchell and Sullivan 1991; Calles et al. 2013a) . Electrical field barriers have successfully been used to prevent eels from entering industrial water inlets (www.profish-technology.be, accessed 14 September 2018); however, for downstream migration, the technology is challenging, both in terms of human safety and the risk that fish can be paralysed and drift into the intake. Other physical behavioural barriers, such as partialdepth fine screens and guiding fences, or so-called louvres, have increased bypass migration significantly in some locations, when combined with bypass structures (Scruton et al. 2008) .
A significant part of artificially induced mortality during downstream fish migration at hydropower plants does not happen during turbine passage but in impoundments upstream and pools downstream of the barriers, owing to increased predation (Jepsen et al. 2000; Koed et al. 2002 Koed et al. , Økland et al. 2017 . Jepsen et al. (1998) showed that this mortality may be higher than turbine mortality for Atlantic salmon and brown trout smolt. Changes in river morphology, water velocity and turbulence induced by dams and hydroelectric plants may decrease migration speed and lead to disorientation of the migrating fish. At the same time, these changes often improve habitat and hunting conditions for predators such as pike (Esox Lucius) and cormorant (Phalacrocorax carbo sinensis; Jepsen et al. 2000) . It is, therefore, recommended to look beyond the barriers and turbines of hydropower plants and to include their effects on river morphology, habitat and predation when designing downstream passages, such as placement of bypass intakes and outlets. Predation can be reduced by facilitating rapid downstream migration with steady and fast water flow. Stopping points, such as pools or back eddies in downstream migration corridors, should therefore be avoided. Also, at the downstream end of a bypass (the exit), the fish should be guided directly into fast-flowing water downstream, not into a turbulent pool at the tail race (Ebel 2013) . When entering or leaving a bypass system, physical protection, such as a netting against birds, may be considered. Bypass solutions through flood gates (,10-m drop) and pipe transport (water velocity ,12 m s
À1
) have been shown to function for juvenile salmonids (Johnson and Dauble 2006) and these techniques can be helpful to transport fish to safe areas.
Many authors underline the accumulative effects of several barriers on the downstream migration routes of fish (Jungwirth et al. 1998; Larinier 2008; Kroglund et al. 2011; Norrgård et al. 2017) . High passage efficiency per barrier (90%) may accumulate to low total efficiency after several barriers (e.g. 35% efficiency after 10 passages). Efficiency targets, passage design and method should, therefore, take accumulative effects into account. Norrgård et al. (2017) recommended considering trap and transport at multiple barrier routes.
In conclusion, safe downstream migration past hydropower intakes is obtained by preventing fish from entering the hydropower stations and directing the fish quickly and safely past the power-plant structures. If only small fish migrate and the alternative migration route is risky, fish friendly turbines may be an alternative. Solutions that are regarded as best practices for downstream migration past power-plant structures for eel, grayling, brown trout and Atlantic salmon are presented below.
Best-practice solutions and recommendations
Downstream migration facilities past hydropower plants must be designed differently from upstream migration bypasses because the fish largely follow the main water flow, which, at the power station, most often enters the water intake to the turbines. For downstream passages, it is therefore recommended to use a trash rack and guiding structure, together with a bypass, so as to defer and guide the fish to one or more escape routes where they can enter safely into a bypass system past the power plant Calles et al. 2013a; Pulg et al. 2018) . The gap between the bars in the trash rack must be so small that the fish cannot pass between them. Additionally, fish should not be in direct contact with the trash rack or guiding unit, to prevent them from being injured or impinged. The probability of good function of trash racks increases as the angle between the rack and the main flow towards the rack is reduced. The angle contributes to a lower velocity vector through the rack and to guiding the fish to a bypass at the end of the rack. Dumont et al. (2005) and Calles et al. (2013a) recommended an angle of 358 or lower relative to the main flow and velocities lower than 0.5 m s À1 through the screen. For eels and salmonids, the location of escape-route entrances is particularly important. The general recommendation is close to the river bottom for eels and at the surface for salmonid fishes. A particularly successful downstream passage facility for both Atlantic salmon and eel was installed at a hydroplant in Sweden (Härting in River Ä tran). The facility consists of an angled (308) b-screen (15 mm) and a bypass intake formed as a vertical slot covering the whole water column, and provides high passage efficiency for silver eels (95%), salmon kelts (96%) and salmon smolt (91-98%; Calles et al. 2015; Nyqvist et al. 2017) . The solution is considered as best practice in Sweden. The bar rack is 40 m long, and has hydrodynamic, horizontal bars made of composite. The angle to the main flow is 308. Long trash tracks or screens should be equipped with multiple escape openings. Calles et al. (2013a) recommended openings every 10 m at a-screens. To ensure that fish that enter a bypass do not stop or return, turbulence or rapid changes in water velocity should be avoided (Ebel 2013) .
The only safe solution to prevent fish from entering hydropower intakes is fine-mesh trash racks, with a gap opening smaller than the width of the fish. For smolt of Atlantic salmon and brown trout, the recommended gap is a maximum of 15 mm, which corresponds to practice in Sweden (Calles et al. 2013a) , whereas German guidelines requires even smaller gaps (10 mm; Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2014). Such racks will also be a barrier to migratory eel, as well as adult grayling, brown trout and Atlantic salmon. Both horizontal and vertical bars can be used, and the decision depends on the design of a bypass system and practical maintenance and installation. High water velocity towards a bar rack implies a risk of fish impingement on the rack and reduces the ability for fish to escape into safe bypasses. Hence, the perpendicular force from the water flow to the rack should not exceed a respective perpendicular component of the water velocity at 0.5 m s À1 for salmon and trout smolts, adult eel and grayling. To reduce the water velocity normally to the rack and to guide the fish towards an escape opening and the bypass, it is recommended that the angle of the rack is less than 35-408 on the main direction of flow, and preferably less than 308, both for horizontally sloping or inclined racks being used (so-called b-rack and a-rack; Fig. 1) . Dumont et al. (2005) recommended similar angles and water velocities but 10-mm bar spacing in racks for smolts and eels, on the basis of experiments in Germany and France. Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall (2005) recommended 12-mm bar spacing for Atlantic salmon smolts.
A recently published study from three run-of-river hydropower plants with downstream migration measures in Germany described a high passage efficiency for silver eels (Økland et al. 2017) . At the Unkelmuehle power station (Sieg River), 96 and 92% of the eels in 2014 and 2015 respectively passed safely. The power plant has an a-rack, 10-mm bar spacing, one surface escape opening and multiple escape openings at the bottom. Most of the eels passed over the dam and into the spillway next to the trash rack. In the study of Økland et al. (2017) , the bottom openings were seldom used as a migration route, probably because of turbid water. No eels were drawn into the turbine. The turbine at the Gengenbach power plant on the River Kinzig is adjustable and is located within a chamber protected by a 15-mm curved trash rack. Here, at least 84% of the eels passed safely. At the Kuhlemuehle power plant on the River Diemel, a fish-friendly screw turbine (Archimedess screw) was installed. Here, 76% of the silver eels passed safely. For the remaining fish, it could not be verified whether they stayed upstream, were taken by predators or died in the turbine. The results confirmed that more than 90% passage efficiency can be reached for eels using migration measures, especially with fine-mesh bar racks and bypass possibilities.
Successful migration depends on the fish continuing their migration past the location of the dam or power plant. Danish studies have shown that as few as 10-20% of adult eels migrate safely past single dams and down to the sea (Pedersen et al. 2012) , despite the fact that the intakes were provided with finemesh trash racks. This emphasises the importance of properly designed bypass systems. The bypass can either (1) be immediately aside the power plant intake or it can (2) be located at the dam, which may be located downstream of the intake. The first situation provides the best opportunity for an effective solution because the fish can easily find the alternative route (bypass), and the entrance to the bypass should in such cases be located near the place where the fish are most likely to search. A fault of few metres in the location has been shown to reduce the efficiency significantly (Kroglund et al. 2014) . For Atlantic salmon and brown trout smolts, this means that the entrance to the bypass should be placed near the surface and, for the eel, at the bottom immediately near the power plant intake. The most common recommendation is that the opening should be successively tapered and have rounded sides and bottom to achieve water acceleration less than 1.0 m s À1 per metre of outlet channel, and with the least possible turbulence. The width of the escape opening should be 0.5-1.0 m, and the depth should not be less than 0.4 m (Calles et al. 2013a) . With limitations on design, depth should be prioritised over width (Deutsche Vereinigung für Wasserwirtschaft, Abwasser und Abfall 2005). Depending on the location and trash-rack design, it is recommended that the water flow in the bypass should be 2-10% of the total river discharge on site.
Conclusions
In this paper, relevant literature mainly from Europe but also from North America has been reviewed to advise river managers, water authorities and hydropower industry of bestpractice solutions for safe two-way migration for Atlantic salmon, brown trout, grayling and eel past hydroelectric structures. The reviewed studies have highlighted that many existing fishways for upstream migration are not designed according to existing knowledge and many hydroelectric structures are not provided with any sort of facilities for safe downstream passage for fish past turbines. Consequently, large parts of migrating fish populations are delayed or blocked, or experience large mortality during their migration upstream or downstream past such structures. The studies have shown that potential solutions with a passage efficiency larger than 90% exist for both up-and downstream passage for Atlantic salmon, brown trout and European eel. However, for European grayling, it remains unclear whether the downstream solutions can reach this efficiency and further research is needed.
The traditional technical fishways for upstream migration, such as pool-and-weir fishways, have been shown to serve as an appropriate solution for adult Atlantic salmon and large brown trout with a high swimming capacity, but they are not recommended as a best-practice solution for smaller trout, grayling and eel. For these species, a suite of different fishway facilities is suggested, including dam removal, nature-like bypasses, ramps and vertical-slot passes and a smaller drop between the pools. Glass eels demand specially designed glass-eel passages. Turbine passage as a downstream migration corridor where salmonids and eels are present is problematic because of the risk of both direct injuries and delayed mortality effects. Recent studies have shown that it is possible to reach 90% downstream passage efficiency by physically blocking the turbine intake for fish with fine-mesh trash racks, combined with escape routes and bypass corridors, and we recommend this approach as the best practice. The latest fish-friendly turbines such as minimumgap runners and screws have shown that high fish survival can be obtained under certain circumstances. Large Kaplan turbines can also pass small fishes, such as salmon smolts, at high survival rates. If only small fish migrate and if any other migration route is risky, fish-friendly turbines may be used as an alternative. This might be the case at very large dam sites, where screening systems have been shown to be difficult because of high cost, energy loss and low turbine-passage mortality rates. If complete blocking of the water intake for fish is not feasible, a combination of attraction and repulsion measures can be used, in combination with physical guiding structures and a bypass, to reduce mortality. However, 90% efficiency is not likely to be reached with attraction and repulsion alone. None of these solutions is yet common standard in Europe.
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